The survival of a cell depends on its ability to meet its energy requirements. We hypothesized that the mitochondrial reserve respiratory capacity (RRC) of a cell is a critical component of its bioenergetics that can be utilized during an increase in energy demand, thereby, enhancing viability. Our goal was to identify the elements that regulate and contribute to the development of RRC and its involvement in cell survival. The results show that activation of metabolic sensors, including pyruvate dehydrogenase and AMP-dependent kinase, increases cardiac myocyte RRC via a Sirt3-dependent mechanism. Notably, we identified mitochondrial complex II (cII) as a target of these metabolic sensors and the main source of RRC. Moreover, we show that RRC, via cII, correlates with enhanced cell survival after hypoxia. Thus, for the first time, we show that metabolic sensors via Sirt3 maximize the cellular RRC through activating cII, which enhances cell survival after hypoxia.
During normal/unstressed conditions, the cell runs on a fraction of its mitochondrial bioenergetics capacity, where the difference between the maximum respiratory capacity and basal respiratory capacity is referred to as the spare or reserve respiratory capacity (RRC). In the case when energy demand exceeds supply (e.g., an increase in workload or neuronal activity), the RRC has the potential to increase supply, thus, avoiding an 'ATP crisis'. In accordance, RRC has been shown to correlate with enhanced cell survival 1 and, conversely, reduced RRC has been associated with neuronal cell death and disease. 2 RRC is a well-recognized phenomenon; [3] [4] [5] [6] [7] [8] [9] however, its components or the factors that regulate it remain unknown, or, at best, minimally defined. Not surprisingly, one of the known factors that influence the extent of the RRC is substrate availability. 7 One potential source of RRC is a regulated increase of substrate entry into the TCA cycle that is synchronized with an increase in the electron transport chain (ETC) activity. Interestingly, mammalian complex II (cII) has the unique characteristic of being a common component that links the TCA cycle and the ETC and its role in cell survival and death is well established. For example, inactivating mutations in the subunit A (SDHA) are associated with Leigh's syndrome, which is a progressive neurodegenerative disease associated with neuronal cell death. 10 Likewise, at least one case report
shows that a mutation in cII is associated with heart failure, 11 while in Drosophila a mutation in Sdhb causes an increase in ROS production and early mortality. 12 In contrast, inhibition of cII during ischemia/reperfusion attenuates ROS-induced damage. 13 Indeed, while inhibiting cII has been shown to induce apoptosis, 14 it is also recognized as an apoptosis sensor. 15 One mechanism that has been described for cIIinduced apoptosis involves its disassembly in the low pH environment of distressed cells that results in excessive production of ROS from the Sdha. 16, 17 Thus, these results would suggest that a fully assembled cII is critical for cell health and survival, while the disassembled form participates in cell demise. In this report, we show that holo-cII is the source of the RRC, which increases the cells' resistant to cell death.
Results
The RRC is dependent on the metabolic substrate in a cell type-dependent manner. Our first aim was to assess mitochondrial bioenergetics in live cells and the influence of metabolic substrates on oxygen consumption rates (OCRs) during normoxia versus post-hypoxia. In Figure 1 , we measure the OCR of live neonatal cardiac myocytes maintained in atmospheric O 2 levels. The characteristics of these cells include spontaneous contraction in culture, high mitochondrial content, and a preference for glucose as a substrate. The data show that basal OCR was the highest (510 pmoles/min/100 000 cells) with glucose in the medium ( Figure 1a , upper panel), which was slightly (10-20%) dampened by palmitate-BSA ( Figure 1a , upper panel). On the other hand, the presence of palmitate-BSA or amino acids (base medium with no glucose) alone resulted in 24-33% lower OCR levels versus control. The injection of oligomycin in the medium revealed the ATP synthesis-linked OCR (OXPHOS), which was proportional to basal OCR.
To determine the maximal respiratory capacity and, thereby, the RRC, the uncoupler p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP) was injected into the medium at the time point indicated in the graph. The results show that only in the presence of both glucose and palmitate-BSA did the cells have an RRC (1.4-to 2.5-fold over basal OCR). After exposure to hypoxia (o0.1% O 2 ) for 24 h (in the presence of complete medium with glucose and fetal bovine serum), the cells were allowed to recover for another 24 h with the indicated substrates. Notably, under these conditions there was no significant cell death, as determined by the quantitative PCR (qPCR) and live/dead assays (Supplementary Figures S1 and S2). As shown, the basal OCR was reduced (~30%) with all substrates, accompanied by equivalent decreases in OXPHOS, and the RRC was also downregulated (60-100%), with only partial recovery within 24 h (Figure 1b , upper panel). Thus, the data demonstrate that basal OCR and RRC have different substrate requirements, where palmitate is necessary for the development of the latter only, suggesting that these parameters constitute independent entities of the cell's bioenergetics.
To validate the development of RRC in human myocytes, we used human induced-pluripotent stem cell-derived cardiac myocytes (iPSC-CM), which are also spontaneously contracting in culture. Figure 1 shows that basal OCR levels were highest in the presence of palmitate-BSA, whether or not glucose was present (~300 pmoles/min/60 000 cells), whereas glucose or amino acid alone resulted in 33-50% lower OCR levels ( Figure 1c, upper panel) . In contrast to neonatal myocytes, palmitate-BSA alone produced maximum RRC during normoxia or after hypoxia (1.5-to 2.4-fold over basal OCR), which was diminished by 480% by the addition of glucose (Figures 1c and d, upper panels) . Also, while monitoring OCR in the cells we are able to simultaneously monitor extracellular acidification rates (ECAR), as an indirect indicator of glycolysis (Figures 1a-d, lower panels) . As seen, ECAR levels are highest in the presence of glucose and show a 200% increase in basal levels and 25% in maximum capacity after hypoxia, especially in the human myocytes (Figure 1d , lower panel). In short, fatty acids maintain maximum RRC in hiPSC-CM, which is significantly diminished by glucose, while neonatal myocytes strictly require both fatty acids and glucose to develop a reserve.
The reserve respiratory capacity is regulated by pyruvate dehydrogenase kinases. A major aspect of metabolism that is modified during hypoxia is the inhibition of glucose oxidation via hypoxia-inducible factor 1-alpha (Hif-1α)-mediated increase in Pdk1. Therefore, we examined the expression pattern of the Pdk isoforms during normoxia and after hypoxia/reoxygenation with different metabolic substrates, as well as, immediately following 24 h of hypoxia in complete medium. As seen in Figure 2 , the different substrates did not have any impact on the expression levels of Pdks 1-3 during normoxia, with a small but significant increase in Pdk4 in the presence of palmitate (Figure 2a) , while hypoxia increased the levels of Pdk1 (9-fold) and Pdk4 (2.5-fold) (Figure 2b ). After 24 h of reoxygenation, Pdk1 levels returned to basal values, whereas Pdk4 continued to increase (~10-fold) in the presence of palmitate (Figure 2c ). The latter could explain the lack of full metabolic recovery 24 h after hypoxia/reoxygenation.
We hypothesized that Pdks are negative regulators of the RRC. To test this, we overexpressed Pdk1, Pdk4 or Hif-1α, which induces the expression of Pdk1, in neonatal myocytes, in the presence of palmitate-BSA plus glucose. The results of this experiment show that both Pdk1 and Hif-1α completely eliminated the RRC, with minimal (~15%), but insignificant, reduction of basal OCR (Figure 2d ), which adjusts via utilization of amino acids (see Figure 1a) . Notably, Pdk4 had little effect on RRC under these conditions.
Since RRC requires both glucose and fatty acid, we predicted that inhibition of mitochondrial uptake of fatty acid would similarly abrogate RRC. Figure 2e proves this to be true, via inhibiting carnitine palmitoyltransferase 1 (Cpt1) with etomoxir, which resulted in complete abrogation of RRC and 20%, but insignificant, reduction in basal OCR. These results confirm that both glucose and fatty acid function synergistically to generate an RRC in neonatal myocytes, and emphasize the fact that basal OCR and RRC have unique metabolic requirements and regulators.
To confirm the role of Pdks in regulating RRC, we treated the cells with the Pdk inhibitor dichloroacetate (DCA), which activates glucose oxidation. 18 The results show that DCA modestly increased basal OCR (22-25%) during normoxia in cells that were supplied with glucose plus palmitate, but not glucose only (Figure 2f, upper panel) . On the other hand, it more robustly increased RRC by 1.66-and 1.56-fold under those same conditions, respectively. Furthermore, hypoxia/ reoxygenation reduced basal OCR and RRC of DCA-treated Figure 1 The RRC is differentially regulated by glucose and fatty acid oxidation in neonatal rat myocytes and human iPSC-C. (a-d) Neonatal rat cardiac myocytes (a and b) or human iPSC-CM (c and d) were incubated for 24 h in complete growth medium under normoxic (atmospheric O 2 ) (a and c) or hypoxic (o1% O 2 ) (b and d) conditions. After this period, the medium was replaced with glucose-and fatty acid-free base medium, or that containing 17.5 mM glucose, 100 μM palmitate-BSA or 17.5 mM glucose plus 100 μM palmitate-BSA (Gluc+Palm), as indicated, in normoxic conditions, for another 24 h. The medium was then replaced with serum-free XF medium containing the indicated substrates. The mitochondrial stress test was then performed as described in Methods and Materials, n = 4-6, each experiment performed twice. and untreated cells equally, however, only the DCA-treated cells, in the presence of glucose plus palmitate, retained values that are equivalent to untreated cells during normoxia, as seen in Figure 2g (upper panel). It should be noted that none of the treatments had a significant effect on ECAR (Figures 2f and g, lower panels ). This suggests that the nonlethal hypoxia-induced mitochondrial dysfunction may be attributable to the sustained increase in Pdk activity and is largely preventable via its inhibition.
The reserve respiratory capacity is regulated by AMPK. AMPK is a metabolic sensor 19 that can acutely enhance fatty acid oxidation via an increase in acetyl-CoA carboxylase 2 phosphorylation-mediated activation of Cpt1. 20 Thus, we hypothesized that AMPK, through activating Cpt1 may contribute to RRC and/or basal OCR during recovery from hypoxia. To test this, we treated the myocytes with either an adenosine analog activator of AMPK (5-amino-1-β-D-ribofuranosyl-imidazole-4-carboxamide (AICAR)) or AICAR plus the AMPK inhibitor, compound C (CC). The results show that AICAR increased reserve from 1.34-fold to 1.9-fold, but had no effect on basal OCR during normoxia ( Figure 3a , upper panel). The addition of CC inhibitor completely abolished the effect of AICAR on reserve, and like etomoxir, had no effect on basal OCR, thus, confirming that the effects of AICAR are indeed AMPK dependent. A similar effect was seen after hypoxia/reoxygenation, where the RRC was 2.5-fold versus basal OCR (Figure 3b , upper panel). However, unlike what we have seen with DCA in Figure 2 , AICAR did not rescue the reduction in basal OCR. Moreover, AICAR's effect on RRC was only elicited in the presence of glucose plus palmitate, but not palmitate alone ( Figure 3c , upper panel). This is expected in the neonatal myocytes, as palmitate strictly requires the presence of glucose to enhance RRC.
Since the time point used in the latter experiments for activation AMPK is 48 h, there is a possibility that the effects of AICAR are mediated through a transcriptional, peroxisome proliferator-activated receptor alpha (Pparα)-dependent, mechanism. qPCR results confirm that AICAR enhanced the expression of Pparα, peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Pgc-1α), and Cpt1 during normoxia (Figure 3e ). The same set of genes was also induced by hypoxia, however, 24 h post hypoxia, while Pgc-1α and Cpt1 remained higher than control, Pparα was significantly lower, and recovered by treatment with AICAR ( Figure 3e ). A pattern similar to Pparα expression was seen with transcription factor A, mitochondrial (Tfam) and mitochondrial numbers (Figure 3f ). Therefore, to determine the role of Pparα in mediating the effect of AICAR on RRC, we measured OCR in the presence of short hairpin RNA (sh) targeting Pparα (Pparα-sh). Treatment with this construct resulted in complete inhibition of AICAR-induced upregulation of Pparα (~0.5-fold of basal), and a 3.5-fold increase in Pgc-1α mRNA (mechanism unknown), but had no effect on Cpt1 or Tfam (Figure 3g ). This was accompanied by 70% inhibition of AICAR-induced RRC (Figure 3d, upper panel) . The results show that after hypoxia, fatty acid oxidation may be compromised due to a reduction in Pparα, and that this could be prevented by AMPK activation, resulting in restoration of RRC.
Regulation of the reserve respiratory capacity in human iPSC-derived cardiac myocytes. The hiPSC-CM are 495% differentiated myocytes that are spontaneously beating in culture ( Figure 4a ). As shown in Figure 1 , these cells have an RRC that is dependent on fatty acid only and is dampened by glucose. So while the neonatal myocytes benefit from the addition of DCA as it enhances both basal OCR and RRC, it was unclear how the hiPSC-CM would benefit from an increase in glucose oxidation. Interestingly, our results show that DCA increases RRC before (~2.5-fold, Figure 4b , upper panel) and after hypoxia (~1.7-fold, Figure 4c , upper panel). The treatment had little impact on basal OCR during normoxia, but restored the decrease seen after hypoxia. In contrast, AICAR did not have a significant effect on the OCR in these cells, plausibly due to inherent optimal fatty acid oxidation. On the other hand, AICAR enhanced ECAR, indicating an increase in glycolysis (Figures 4b and c, lower panels). These results indicate that activation of pyruvate dehydrogenase in either neonatal cardiac myocytes or hiPSC-CM has the capacity to significantly increase RRC and, thereby, restore the cells' bioenergetics after exposure to hypoxia. Figure 2 The RRC is regulated by pyruvate dehydrogenase kinases. (a-c) Neonatal rat cardiac myocytes were incubated for 24 h in complete growth medium under normoxic (atmospheric O 2 ) (a) or hypoxic (o1% O 2 ) (b and c) conditions. After this period, RNA was either immediately extracted and subjected to qPCR for the indicated genes (b), or the medium was replaced with one that is glucose and fatty acid free, or one containing 17.5 mM glucose, 100 μM palmitate-BSA, or glucose+palmitate-BSA, as indicated, in normoxic conditions, for another 24 h (a and c). The results were averaged plotted as relative values to those from cells incubated in base medium in normoxic conditions adjusted to 1 (a and c) or control normoxia adjusted to 1 (b), n = 3. Error bars represent standard error of the mean (S.E.M.), *Po0.05 versus control. (d) Neonatal cardiac myocyte was incubated for 24 h in complete growth medium and then infected with a control or adenoviruses (Ad) harboring PDK1, PDK4 or Hif-1α, for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed twice. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for control at the time point indicated; # Po0.05 max OCR for control versus max OCR of Pdk1 or Hif-1α treated. (e) Neonatal cardiac myocytes were cultured for 24 h in complete growth medium containing vehicle or 1 μM etomoxir, a Cpt1 inhibitor. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate containing vehicle or 1 μM etomoxir, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed twice. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for control at the time point indicated; # Po0.05 max OCR for control versus max OCR for etomoxir treated, at the time point indicated (f and g). Neonatal rat cardiac myocytes were cultured in complete growth medium containing vehicle or 1 mM DCA and either remained in normoxic conditions (atmospheric O 2 ) (f) or were exposed to hypoxia (o1% O 2 ) (g), for 24 h. At the end of this period, the medium was changed to base medium containing 17.5 mM glucose or 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle or DCA, as indicated, for an additional 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose or 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle or 1 mM DCA, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed three times. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for DCA-treated cells, at the time point indicated;
Complex II is a source of RRC. In an attempt to identify the source of RRC in the cell, we measured the activities of the respiratory complexes in an electron flow assay. The results reveal that AICAR induced an overall increase in electron flow activity in the uncoupled state (1.5-to 1.7-fold), and, in specific, an increase in cII activity (1.6-to 2-fold). The cIIspecific inhibitor 3-nitropropionate (3NP) completely abolished the effect of AICAR on basal flow (cI-cIV), restoring it to baseline values, while completely suppressing cII activity (Figure 5a) . A similar effect was observed with DCA ( Figure 5b) . Notably, complex IV activity varied according to changes in electron flow. It should also be noted that there were quantitative but not qualitative differences in basal and activated cII OCR values between the primary myocyte cultures, as observed in Figures 5a and b . Consequently, we predicted that the RRC might be a product of an increase in complex II activity. To test this, we measured the effect of AICAR on RRC in the presence or absence of 3NP. As demonstrated in Figure 5c , 3NP completely abolished RRC, in addition to, minimal (15-20%), but insignificant, effect on basal OCR. Thus, we concluded that an increase in cII activity contributes to formation of RRC via increasing electron flow directly from FADH 2 -succinate dehydrogenase. Figure 3 The RRC is regulated by AMPK via Pparα. (a and b) Neonatal rat cardiac myocytes were cultured in complete growth medium containing vehicle, 500 μM AICAR or 500 μM AICAR plus 5 μM compound C (CC) and either remained in normoxic conditions (atmospheric O 2 ) (a) or were exposed to hypoxia (o1% O 2 ), for 24 h (b). The medium was replaced with base medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle, 500 μM AICAR or 500 μM AICAR plus 5 μM CC, for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle, 500 μM AICAR or 500 μM AICAR plus 5 μM CC, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed three times. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for AICAR-treated cells, at the time point indicated; # Po0.05 max OCR for AICAR-treated versus max OCR for control, at the time point indicated; $ Po0.05 max OCR for AICAR treated versus max OCR for CC treated. (c) Neonatal rat cardiac myocytes were treated with vehicle or 500 μM AICAR in the presence of 17.5 mM glucose plus 100 μM palmitate-BSA or 100 μM palmitate-BSA, for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA or 100 μM palmitate-BSA containing vehicle or 500 μM AICAR, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed three times. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for AICAR-treated cells in glucose+palmitate (G+P), at the time point indicated; # Po0.05 max OCR for AICAR treated versus max OCR for untreated in G+P, at the time point indicated. (d) Neonatal rat cardiac myocytes were cultured in complete growth medium treated with vehicle or 500 μM AICAR in the presence of adenoviral-control shRNA or -shRNA-Pparα-constructs, for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle or 500 μM AICAR, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed two times. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for AICAR-treated cells, at the time point indicated; # Po0.05 max OCR for AICAR treated versus max OCR for control; $ Po0.05 max OCR for AICAR treated versus max OCR of AICAR-plus shRNA-Pparα-treated, at the time point indicated. (e and f) Neonatal cardiac myocytes were treated as described in (a and b), with AICAR in normoxia versus hypoxia/reoxygenation (hypox/reox), as indicated. Total mRNA (e) and DNA (f) were extracted and subjected to qPCR for the indicated genes (n = 4). The results were averaged and plotted as relative values to control medium (no glucose or fatty acids). Error bars represent S.E.M., *Po0.05 versus control, # Po0.05 versus control hypox/reoxx. (g) Neonatal myocyes were treated with adenoviral shRNA-control and shRNA-Pparα, with or without 500 μM AICAR for 24 h in the presence of 17.5 mM glucose+100 μM palmitate-BSA. Total RNA was extracted and analyzed by qPCR for the indicated genes. The results were averaged and plotted as values relative to control. Error bars represent S.E.M., *Po0.05 versus control
We speculated that after a short period of nutrient and oxygen deprivation and before cell demise (as assessed by a live/dead cell assay, Supplementary Figure S2 ), myocytes will attempt to recover their energy supply by increasing energy production. In accordance, AMPK, through activation of cII, will increase basal OCR and oxidative phosphorylation. This was confirmed after incubating the cells for 1 h in o1% O 2 with no glucose, where pre-incubation with AICAR induced almost a 2-fold increase in basal OCR and oxidative phosphorylation (the difference between OCR before and after addition of oligomycin) versus control, which were completely abolished by cII inhibition, as they were reduced to control values (Figure 5d, upper panel) . In addition, AICAR significantly enhanced ECAR (Figure 5d , lower panel). Thus, cII harbors reserve activity that can be activated by AMPK, which allows the mitochondria to rapidly increase its energy output after energy deprivation.
To validate the results of the 3NP inhibitor on cII and RRC, we knocked down one of cII's assembly factors, succinate dehydrogenase assembly factor 1 (Sdhaf1). Figure 5e shows that knockdown of Sdhaf1 with a short hairpin (sh) RNA construct (Sdhaf1-sh) completely abrogated the RRC, with no significant effect on basal OCR at the lowest dose used of the adenoviral delivery vector (multiplicity of infection, moi 5) (Figure 5e ). Increasing doses of Sdhaf1-sh, however, resulted in significant reduction (20-35%) of basal OCR that was associated with almost an equivalent degree of cell death (Figure 5f ). Since unassembled Sdha is a known source of excessive ROS formation, it explains the cell death observed at the higher doses of Sdhaf1-sh. The results confirm that holo-cII is indeed required for formation of RRC.
RRC and cII contribute to an increase in cell survival after energy deprivation. The RRC has been shown to correlate with cell survival in multiple cell types. 1, 2 Our goal here was to determine whether the different regulators of RRC that we have identified in myocytes had an effect on cell survival and whether cII had any role in the process. To address this, we incubated the cells with palmitate-BSA only, or glucose plus palmitate in the absence or presence of etomoxir, AICAR, 3NP or 3NP plus AICAR, before subjecting them to o1% O 2 conditions in the absence of glucose for 6 h (lethal conditions). Significantly, in the presence of atmospheric O 2 none of these treatments had an effect on cell survival or ROS production (Figures 6a-f , first and third panels from the left). After energy deprivation, followed by restoration for 30 min, cell death was 490%, accompanied by ROS production, when either glucose or fatty acid oxidation was inhibited glucose deprivation or etomoxir treatment, respectively (Figures 6a and c, second and fourth panels from the left, and Figure 6g ), versus~10% in control cells with glucose +palmitate (Figures 6b and g ). Conversely, cells treated with AICAR exhibited o1% cell death (Figure 6d , second panel and fourth panels from the left, and Figure 6g ), which was lost by treatment with the cII inhibitor 3NP (Figure 6f , second and Figure 4 The RRC in human iPSC-CM is regulated by DCA but not by AICAR. (a) Human iPSC-CM were cultured, fixed, permeabilized and incubated with the indicated primary antibodies. They were then incubated with fluorescently labeled phalliodin (upper panel) or secondary antibody (lower panel), mounted with DAPI and imaged by confocal microscopy. (b and c) Human iPSC-CM were cultured in complete growth medium containing vehicle, 1 mM DCA or 500 μM AICAR and either remained in normoxic conditions (atmospheric O 2 ) (b) or were exposed to hypoxia (o1% O 2 ) (c), for 24 h. At the end of this period, the medium was changed to base medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle, 1 mM DCA or 500 μM AICAR, as indicated, for an additional 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle, 1 mM DCA or 500 μM AICAR, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed twice. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for DCA-treated cells, at the time point indicated; Figure 5 RRC is a product of cII activity and is utilized after energy deprivation. (a and b) Neonatal rat cardiac myocytes cultured in complete growth medium were treated with vehicle, 500 μM AICAR (a) or 1 mM DCA (b), for 24 h. Vehicle or 100 μM 3NP was added for the last 1 h of this incubation. The cells were then permeabilized with 0.5 nM PMP reagent (rPFO) in the presence of 10 mM pyruvate, 2 mM malate and 4 μM FCCP, for 30 min. The electron flow assay was then performed as described in Materials and Methods, as indicated, n = 4-6, error bars represent S.E.M., each experiment was performed twice. Error bars represent S.E.M., *Po0.05 basal OCR for AICAR or DCA treated versus basal OCR for control, at the time point indicated; # Po0.05 max OCR for AICAR or DCA treated versus max OCR for control, at the time point indicated. (c and d) Neonatal rat cardiac myocytes cultured in complete growth medium were treated with vehicle or 500 μM AICAR, for 24 h. Vehicle or 100 μM 3NP was added and the cells either remained in normoxic conditions (atmospheric O 2 ) (c) or were exposed to hypoxia (o1% O 2 ) and glucose deprivation (d), for 1 h. At the end of this period, the medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA containing vehicle, 500 μM AICAR, 100 μM 3NP or 500 μM AICAR plus 100 μM 3NP, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 4-6, each experiment was performed twice. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for AICAR-treated cells, at the time point indicated; # Po0.05 basal OCR for AICAR treated versus basal OCR for control, at the time point indicated; $ Po0.05 max OCR for AICAR treated versus max OCR for control, at the time point indicated. (e) Neonatal rat cardiac myocytes (50 000-100 000/well) cultured in complete growth medium were infected with adenoviral vectors harboring a scrambled control sequence, shRNA targeting Sdhaf1 (5, 10, 15 moi) (Sdhaf1-sh), or an Sdhaf1 overexpressor (1, 2 moi), for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 3-4. Error bars represent S.E.M., *Po0.05 max OCR control versus max OCR for Sdhaf1-sh treated (all doses), at the time point indicated. (f) Cells treated as described in (e) were subjected to a live (green)/dead (red nuclei) assay and imaged fourth panels from the left, and Figure 6g ). Here, we used the membrane-impermeable propidium iodide staining for detection of nuclei in dead cells, 21, 22 which is dependent on a damaged plasma membrane for cell entry. This suggests that the mode of cell death detected in this experiment is mainly necrotic. We, thus, conclude that activation of cII and formation of an RRC allows the cells to minimize ROS formation and resist cell death due to energy deprivation, plausibly by increasing energy production after restoration of oxygen and nutrients, as seen in Figure 5 .
Sirt3 is required for the development of RRC. Sirt3 is a mitochondrial sirtuin that regulates a plethora of proteins including NDUFA9 and complex I, 23 as well as, complex II activity. 24, 25 We predicted that the effects of AMPK and PDH that regulate substrate flux into the TCA cycle and development of RRC might be mediated through the NAD + -dependent Sirt3. To test this, we generated a short hairpin RNA targeting Sirt3 (Sirt3-sh). This construct, dose-dependently, abolished the RRC in cardiac myocytes, but had no effect on basal OCR (Figure 7a) . Conversely, overexpressing Sirt3 resulted in a slight, but not significant increase in RRC, possibly due to saturating endogenous levels under these conditions. The results demonstrate that Sirt3 is required for the development of RRC, but has minimal effect on basal OCR. In agreement, Sirt3 knockdown also inhibited AICARand DCA-induced RRC (Figure 7b ).
Discussion
A cell's energy production is directly linked to its demand. 26, 27 In this report, we show that cardiac myocytes operate on a fraction of their mitochondrial respiratory capacity under conditions where the preferred metabolic substrates are available. Although neonatal cardiac myocytes utilize glucose as the preferred substrate, a respiratory reserve will only develop in the presence of both glucose and fatty acids in this cell type, which suggests independent resources for basal OCR versus the RRC. We also show here, for the first time, that we can further increase the RRC by enhancing either glucose or fatty acid oxidation, via inhibiting pyruvate dehydrogenase kinases or stimulation of AMPK-Pparα axis, respectively. Conversely, hypoxia exhausts the RRC, which can be rescued by those measures. This suggested that the RRC is a product of a co-regulated increase in the TCA cycle and electron transport chain (ETC) activities.
Succinate dehydrogenase is the only enzyme in the TCA cycle that is also a component of the electron transport chain complex II, which suggested to us that it is well positioned to serve as a regulated source of the RRC. Indeed, our data show that an increase in glucose and/or fatty acid oxidation is sensed by cII, resulting in an increase in its activity. However, this spare cII activity that was recently observed 28 remains unutilized under normal conditions, but becomes manifest when oxygen consumption is uncoupled from ATP production (Figures 1-4) , or if there is an increase in energy demand ( Figure 5 ). We show that inhibition of the Sdha subunit of cII by 3NP completely abrogates the RRC, proving that it is indeed a product of cII activity. These results were corroborated by a second independent approach that involved the knockdown of the assembly factor Sdhaf1, which, similarly, completely abolished RRC before it induced cell death. The cell death observed with Sdhaf1 knockdown is an expected effect of the excessive ROS produced by the disassembled Sdha subunit. 16 Interestingly, in both approaches, the inhibition of cII resulted in only minimal inhibition of basal OCR (10-18%), which is equivalent to the extent that cII contributes to the
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Complex II regulates energy reserve J Pfleger et al Figure 6 Conditions that are associated with a higher RRC are more resistant to cell death and produce less ROS. Cardiac myocytes were incubated in glucose+palmitate (b-f) except in (a) in palmitate only, (c)+etomoxir (Cpt1 inhibitor), (d) +AICAR (AMPK activator), for 24 h in normoxic conditions, (e) +3NP (cII inhibitor), for 1 h before hypoxia, (f) +AICAR+3NP (left and third from left panels a-f). Cells were then subjected to 6 h of o0% O 2 for 6 h in the absence of glucose (second from the left and right panels a-f). This was followed by a live (green)/dead (red nuclei) assay (left and second from the left panels a-f) or ROS detection (red nuclei, right and third from the left panels a-f) that was visualized by live imaging of the cells. (g) The dead/live cell ratio was calculated and plotted (n = 3, 100 cells counted Complex II regulates energy reserve J Pfleger et al transfer of electrons from FADH and its oxidation via the ETC. Finally, we show that Sirt3 is required for formation of RRC, suggesting that it also regulates cII activity. This is indeed supported by the fact that Sdha has 13 lysine-acetylation sites that are deacetylated by Sirt3, and which regulate its activity. 24, 25 Sdhaf1 gene has been recently discovered in association with infantile leukoencephalopathy, an infantile mitochondrial disease, where it harbors a missense point mutation, 29 underscoring its critical regulatory function. This mutation is associated with a reduction in the cII holoenzyme (assembled complex) and an~70-80% loss in Sdh and succinyl CoQ reductase activities in fibroblasts and muscle cells. Our data confirm that Sdhaf1 is critical for cII function in cardiac myocytes, as it is required for development of RRC, which enhances cell survival.
In summary, the work presents a novel mechanism by which cells can increase their energy output during an increase in demand, which includes assembly and activation of cII by the metabolic sensors and regulators, AMPK, PDH and Sirt3. In addition, we show that this parameter can be exploited to enhance the cell's tolerance to cell death signals.
Materials and Methods
Neonatal rat cardiac myocyte culture. Cardiac myocytes were prepared from 1-to 2-day-old Sprague-Dawley rats as previously described. 30 The myocytes were treated in Dulbecco's modified essential medium/Ham F12 (1 : 1) supplemented with 10% fetal bovine serum (10% FBS) and 1% penicillin/ streptomycin or in Dulbecco's modified essential medium (1 × ) supplemented with glucose or palmitate-BSA, as indicated in the figure legends. Pharmacological treatments include etomoxir, dichloroacetate (DCA), Aicar and 3 nitropropionate (3NP) purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA).
Human iPSC-cardiac myocyte culture. Human iCell cardiac myocytes (Cellular Dynamics International, Madison, WI, USA) were thawed and plated, as recommended by the manufacturer. After 48 h, the medium was changed to Dulbecco's modified essential medium/Ham F12 (1 : 1) supplemented with 10% FBS and 1% penicillin/streptomycin. The cells were treated in this medium or in Dulbecco's modified essential medium (1 × ) supplemented with glucose or palmitate-BSA as indicated in the figure legends.
Adenovirus constructs. The human cDNA clones for Pdk1 (SC321678/ NM_002610), Pdk4 (SC118542/NM_002612), Sdhaf1 (NM_001042631) and Sirt3 (NM_012239) were purchased (Origene Technologies, Inc., Rockville, MD, USA) and cloned into recombinant adenovirus vectors, propagated, and titered as previously described by Graham and Prevec. 31 Short hairpin constructs targeting succinate dehydrogenase assembly factor 1 (Sdhaf1) nt 31-50 of Rattus norvegicus NM_001177687.1 and Sirt3 nt 293-312 of Rattus norvegicus NM_001106313.2 were designed, synthesized (IDT), and cloned Figure 7 Sirt3 is required for development of RRC. (a) Neonatal rat cardiac myocytes cultured in complete growth medium were infected with adenoviral vectors harboring a scrambled control sequence, shRNA targeting Sirt3 (Sirt3-sh) (5, 10 or 15 moi) or a Sirt3 overexpressor (10 moi), for 24 h. The medium was then replaced with serum-free XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 3-4. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for control, at the time point indicated; # Po0.05 max OCR for control versus max OCR for Sirt3-sh treated (10 and 15 moi), at the time point indicated. (b and c) Neonatal rat cardiac myocytes cultured in complete growth medium were treated with 500 μM AICAR (b) or 1 mM DCA (c) in the presence of an adenoviral vector harboring a scrambled control sequence or a shRNA targeting Sirt3 (Sirt3-sh) (10 moi), for 24 h. The medium was then replaced with serumfree XF medium containing 17.5 mM glucose plus 100 μM palmitate-BSA, 17.5 mM glucose plus 100 μM palmitate-BSA plus 1 mM DCA or 17.5 mM glucose plus 100 μM palmitate-BSA plus 500 μM AICAR, for 1 h. The mitochondrial stress test was then performed as described in Materials and Methods, n = 3-4. Error bars represent S.E.M., *Po0.05 max OCR versus basal OCR for DCA-or AICAR-treated cells, at the time point indicated; # Po0.05 max OCR for DCA or AICAR treated versus max OCR for DCA+Sirt3-sh or AICAR+Sirt3-sh treated, at the time point indicated
